UDP-xylose is a sugar donor required for the synthesis of diverse and important glycan structures in animals, plants, fungi, and bacteria. Xylose-containing glycans are particularly abundant in plants and in the polysaccharide capsule that is the major virulence factor of the pathogenic fungus Cryptococcus neoformans. Biosynthesis of UDP-xylose is mediated by UDP-glucuronic acid decarboxylase, which converts UDP-glucuronic acid to UDP-xylose. Although this enzymatic activity was described over 40 years ago it has never been fully purified, and the gene encoding it has not been identified. We used homology to a bacterial gene, hypothesized to encode a related function, to identify a cryptococcal sequence as putatively encoding a UDP-glucuronic acid decarboxylase. A soluble 47-kDa protein derived from bacteria expressing the C. neoformans gene catalyzed conversion of UDP-glucuronic acid to UDP-xylose, as confirmed by NMR analysis. NADH, UDP, and UDP-xylose inhibit the activity. Close homologs of the cryptococcal gene, which we termed UXS1, appear in genome sequence data from organisms ranging from bacteria to humans.
U DP-xylose (UDP-Xyl) is an important nucleotide sugar required for the synthesis of numerous glycoconjugates. Examples include proteoglycans, abundant molecules in the extracellular matrix and on the cell surface of animal cells; plant polysaccharides such as xyloglucan and xylan; and the capsular polysaccharides of certain fungi. We have examined synthesis of this compound in the pathogenic fungus Cryptococcus neoformans.
C. neoformans is responsible for serious disease in the setting of immune compromise. A distinguishing feature of this organism is its extensive polysaccharide capsule, which is absolutely required for virulence (1) . Capsular polysaccharides are shed copiously into the environment and mediate multiple processes by which this microbe inhibits the host immune response (2) (3) (4) . The most abundant component of the capsule is termed glucuronoxylomannan, a polymer that reaches sizes of roughly one million daltons and is composed of a mannose backbone substituted with glucuronic acid and xylose ( Fig. 1; ref. 5 ). The ratio of xylose͞glucuronic acid͞mannose ranges from 1:1:3 to 4:1:3, depending on the strain, and this variation is likely to be responsible for differences between cryptococcal serotypes that have distinct host range and growth characteristics (6) . The remainder of the capsule is composed of a smaller galactoxylomannan (GalXM, Fig. 1 ); this polymer consists of a galactose backbone with trimer side chains of galactose and mannose. Each GalXM side chain bears between one and three xylose residues (7) .
We are investigating cryptococcal glycan formation, with particular focus on the capsular polysaccharides because of their unique structures and role in virulence. Our interests include the glycosyltransferase-catalyzed reactions that transfer sugars from activated nucleotide sugar precursors to acceptor polysaccharides during capsule synthesis and the upstream metabolic pathways that provide the appropriate precursors (8) . The pathway of UDP-Xyl synthesis is of particular interest in C. neoformans, because of the abundant and strain-specific modiThis paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. fication of glucuronoxylomannan and galactoxylomannan with xylose. It is not known whether UDP-Xyl is the immediate donor of xylose to these polysaccharides or whether another donor compound is interposed. Studies by White and colleagues (9) suggested that lipid-linked xylose is formed in vitro by cryptococcal membranes, but whether this compound plays a role in capsular polysaccharide synthesis was not determined (9) . Xylose also occurs in a novel family of glycophosphosphingolipids that is found in cryptococcus but not in mammals. § Two enzymes are required for the synthesis of UDP-Xyl from UDP-glucose (UDP-Glc). First, UDP-Glc dehydrogenase catalyzes the dehydrogenation of its substrate to form UDPglucuronic acid (UDP-GlcA); this is then acted on by UDP-GlcA decarboxylase to produce UDP-Xyl. We have used homology to known enzymes in other systems to clone a functional C. neoformans UDP-Glc dehydrogenase (M.B.-P. and T.L.D., unpublished data). In this article we focus on the second step in synthesis.
Decarboxylation of UDP-GlcA to form UDP-Xyl was first demonstrated in plant extracts (11) . Although early studies of this enzyme indicated that it generated a mixture of UDP-Dxylose and UDP-L-arabinose, it was later shown that this was caused by a contaminating UDP-L-arabinose-4-epimerase; the UDP-GlcA decarboxylase itself produces only UDP-Xyl (12) . This activity was partially purified from soluble fractions from both wheat germ (12) (13) (14) and a nonpathogenic species of cryptococcus, C. laurentii (15) . The mechanism of decarboxylation has been suggested to proceed by several steps (ref. 12; Fig.  2 ). First, UDP-GlcA is oxidized to UDP-4-keto-GlcA. This ␤-keto acid may be readily decarboxylated, generating an intermediate UDP-4-keto pentose; this product may then be reduced stereospecifically to UDP-Xyl.
To identify the UDP-GlcA decarboxylase in C. neoformans, we exploited information derived from bacterial systems. Studies in Salmonella typhimurium have identified two loci, pmrE and pmrF, which are required for addition of L-4-aminoarabinose to lipid A (16) . PmrE encodes a UDP-Glc dehydrogenase. The UDP-GlcA synthesized by this enzyme could serve as a precursor to UDP-aminoarabinose (16) (17) (18) , via initial reactions similar to those that convert UDP-GlcA to UDP-Xyl in eukaryotic systems (Fig. 2) . PmrF is located in a putative operon with several genes whose sequences suggest roles in sugar metabolism; Gunn et al. (16) have proposed that these genes also may participate in aminoarabinose addition. Extending this model, the groups of Raetz and Morona (17, 18) independently hypothesized a pathway for UDP-aminoarabinose synthesis based on sequence analysis of the genes in the pmrF cluster. They suggested that the protein product of one sequence, ORF3, might catalyze oxidation of the 4-position of UDP-GlcA. This could lead to decarboxylation of the resulting UDP-4-keto sugar and subsequent transamination to form UDP-aminoarabinose (Fig. 2, dashed  arrow) .
We reasoned that a protein that catalyzes oxidation of UDPGlcA en route to UDP-Xyl might bear structural similarity to one that performs the same function during UDP-aminoarabinose synthesis. Based on this hypothesis we cloned a cDNA from C. neoformans that encodes a polypeptide homologous to that predicted by the bacterial ORF3. Below we describe functional analysis and characterization of the UDP-GlcA decarboxylase encoded by this C. neoformans gene, which we have named UXS1 for its role in UDP-Xyl synthesis. These studies demonstrate a UDP-GlcA decarboxylase from cryptococcus, help validate the model for bacterial aminoarabinose synthesis, and provide sequence information on a class of enzymes important across biological kingdoms.
Experimental Procedures
Cloning the Cryptococcal Homolog of Bacterial orf3. The sequence of ORF3 from the pmrF gene cluster in S. typhimurium (GenBank accession no. AF036677) was used to search publicly available C. neoformans genomic sequences (November 14, 2000; http:͞͞ sequence-www.stanford.edu͞group͞C.neoformans͞index. html). A 165-bp sequence in the database (contained in read 967214E04.x1) was identified as part of a potential homolog and used to obtain the corresponding cryptococcal gene by reverse transcriptase-PCR. Briefly, total RNA was isolated from C. neoformans strain Cap67, reverse-transcribed by using an oligo(dT) primer, and used as a template for rapid amplification of cDNA ends (RACE) analysis using CLONTECH Marathon reagents according to the manufacturer's instructions. Genespecific primers for 5Ј and 3Ј RACE reactions were DC-3 (5Ј-ATCAAGTCGTGGACGTATTGGAAGGATCGGGT-CTG-3Ј) and DC-2 (5Ј-AGGGCAAGCGTGTCGCTGAGAC-CTTGACC-3Ј), respectively. RACE reaction products were sequenced and assembled into a 1,360-bp contiguous region containing initiation and stop codons bounding an ORF homologous to ORF3. A NotI-modified 3Јprimer (DC-4, 5Ј-GCG-GCCGCTAGATGGACACCTCTCGGATTCGGG-3Ј) and an NdeI-modified 5Ј primer (DC-5, 5Ј-CATATGAGCTCCGAG-AAGCCTGAGACTATCACCC-3Ј) were used to amplify the full-length ORF, and the resulting reverse transcriptase-PCR product was cloned into the expression vector pET-28a (Novagen) to form plasmid pDC22. submitted to GenBank (accession no. AF385328). This sequence exactly matched portions of a 1,932-bp genomic sequence in the C. neoformans database, which also included six introns ranging in size from 50 to 438 bp. Primers DC-4 and DC-5 also were used to amplify the complete gene from C. neoformans strain B4500.
Protein Expression and Assay. For assay of expressed protein, Escherichia coli strain BL21 (DE3)pLysS cells (Stratagene), carrying either pDC22.6 (with C. neoformans UXS1) or the pET-28a vector alone, were grown to OD 600 ϭ 0.5 and then induced for 3 h at 30°C with 1 mM isopropyl ␤-D-thiogalactoside. Cells were collected, washed with dH 2 O, and stored at Ϫ80°C. Cell pellets were resuspended in 20 ml of lysis buffer (50 mM Tris⅐HCl, pH 8.8͞10% glycerol͞1 mM EDTA͞1 mM DTT͞0.5 mM PMSF) and broken in a French press (1,100 psi). Particulate matter was sedimented (Sorvall SS34 rotor, 13,000 rpm, 30 min, 4°C), and the supernatant fraction was stored in aliquots at Ϫ20°C. For purification, bacterial protein was thawed, bound to Ni-NTA agarose (Qiagen, Valencia, CA) in 50 mM NaH 2 PO 4 , 300 mM NaCl, 1 mM DTT, pH 8, and the column was washed with the binding buffer containing 10 mM imidazole. Protein was eluted with binding buffer containing 250 mM imidazole, typically with 50% yield and Ϸ30-fold enrichment to a specific activity of at least 150 nmol UDP-Xyl min Ϫ1 ⅐mg Ϫ1 in a standard assay (below). SDS͞PAGE of the starting material and eluted fraction are shown below (see Fig. 4A ).
Standard UDP-GlcA decarboxylase assays (50 l) were performed at 23°C for 15 min and contained final concentrations of 40 mM Tris⅐HCl (pH 7.4), 1 mM NAD ϩ , 1 mM UDP-GlcA, and 2-10 mg͞ml total bacterial protein. Reactions were stopped by the addition of 50 l of phenol͞chloroform (1:1, vol͞vol), vortex-mixed, and subjected to centrifugation (microfuge, 16,000 ϫ g, 5 min, room temperature). The upper (aqueous) phase was reserved, and the lower phase was re-extracted with 80 l dH 2 O. The two aqueous phases were pooled and analyzed by HPLC (Waters) on a 250 ϫ 4.6 mm quaternary amine-silica gel anion exchange column (Hypersil 5 SAX resin; Phenomenox, Torrance, CA) run at 1.5 ml͞min. After injection the column was washed for 5 min with buffer A (5 mM phosphate buffer, pH 3.2) and then eluted with a 20-min linear gradient from 0 to 60% buffer B (0.6 M KH 2 PO 4 ) as described (19) .
Product Analysis. One hundred-microliter UDP-GlcA decarboxylase assays were performed by using protein prepared from bacteria carrying either pDC22.6 or the vector alone. Assay products were analyzed by HPLC on a SAX column developed with ammonium formate, and the reaction product was collected. This sample was lyophilized, dissolved in water, relyophilized several times, and then exchanged twice with 99.96% D 2 O. Proton NMR data were collected at 25°C on Varian Inova 500-MHz and 600-MHz spectrometers.
Results and Discussion
To identify potential UDP-GlcA decarboxylase sequences, we first examined the sequence of the Ϸ74-kDA polypeptide encoded by S. typhimurium ORF3 from the pmrF gene cluster. This sequence showed homology to two groups of polypeptides: the N-terminal portion to prokaryotic methionyl-tRNA formyltransferases and the C-terminal region to a family of putative dTDP-glucose 4-6 dehydratases. Based on this homology we hypothesized that the C-terminal domain of the protein encoded by ORF3 was most likely related to a nucleotide sugar decarboxylase, and we used this sequence to do a BLAST search (20) of the partially completed C. neoformans genome sequence (November 14, 2000; http:͞͞sequence-www.stanford.edu͞ group͞C.neoformans͞index.html; ref. 21) . One sequence demonstrated homology and was used to obtain a complete ORF (Fig. 3 ) from cryptococcal cDNA as described in Experimental Procedures. The C. neoformans ORF contained a putative nicotinamide adenosine dinucleotide (NAD ϩ ) binding motif (22) near the N terminus (Fig. 3, * ) . This GXGXXG motif also is found in dTDP-glucose 4-6 dehydratases and other proteins that bind NAD ϩ ; its presence in the cryptococcal sequence is consistent with the requirement for an electron acceptor in the first step of the decarboxylation reaction (Fig. 2) .
To test for UDP-GlcA-decarboxylase activity, we expressed the cryptococcal coding sequence in bacteria and assayed soluble protein for the ability to convert UDP-GlcA to UDP-Xyl. Fig. 4A shows protein extracts from induced bacteria harboring either a vector control or the UXS1 expression plasmid, analyzed by SDS͞PAGE. UXS1 encodes a protein about Ϸ47 kDa in size, in agreement with the size predicted from the amino acid sequence (46.5 kDa), and mass spectrometry of tryptic fragments (not shown) confirmed identity. As shown in Fig. 4B , protein from bacteria expressing the cryptococcal gene, but not from control cells, converted UDP-GlcA to a product that comigrated with a UDP-Xyl standard. This conversion depended on time (Fig. 5A ) and the amount of protein (not shown), and no product was formed when the bacterial protein was heat-inactivated (not shown).
Replacement of the UDP-GlcA substrate with UDP-Glc or UDP-galacturonic acid yielded no product, indicating specificity of the reaction for UDP-GlcA. Kinetic studies (Fig. 5B) indicated that the activity has a K m of Ϸ0.7 mM for UDP-GlcA, similar to values determined in previous studies of partially purified enzyme preparations from C. laurentii (1 mM) and wheat germ (0.18-0.53 mM; refs. 12 and 13). This value is within the range of reported intracellular concentrations of UDP-GlcA. Under the conditions tested the V max was 0.8 mol UDP-Xyl min Ϫ1 ⅐mg
Ϫ1
for nickel column-purified enzyme. The expressed protein was active at temperatures from 23°C to 42°C, with highest activity at 37°C, consistent with efficient function within a mammalian host. The enzyme demonstrated good activity over a broad pH range (6.5-8.5), with 7.5 as the optimum pH. Metal ions were not required, with over 90% of control activity retained in the presence of 5 mM EDTA, and there was slight inhibition by the presence of 10 mM MgCl 2 , CaCl 2 , or MnCl 2 . The decarboxylase was stable at Ϫ70°C for at least several months, and activity was reduced by less than 10% by the inclusion in assay mixtures of 50 mM DTT or 5% glycerol and by less than 20% by the presence of 20% glycerol or 100 mM NaCl.
Substitution of UDP-[ 14 C]GlcA for UDP-GlcA in standard reactions yielded a radiolabeled product that was analyzed by TLC. The compound comigrated with a UDP-Xyl standard in two solvent systems, and acid hydrolysis of the material resulted in a radiolabeled species that comigrated with a xylose standard (not shown). To confirm identity we used NMR to compare the product of a nonradiolabeled reaction to a UDP-xylose standard. The one-dimensional proton spectrum of the compound produced by Uxs1 ( Fig. 6 and Table 1 ) matched that of a UDP-Xyl standard and indicated 95% purity of the assay product. A two-dimensional proton-proton correlated spectroscopy spectrum confirmed the expected assignments (not shown). The ␣-anomeric configuration of the xylose was confirmed by the 3 J H1,H2 coupling constant of 3.5 Hz (Table 1) , and the (E.C. designation 4.1.1.35), and we named the cryptococcal gene UXS1, for its participation in UDP-Xyl synthesis. We have similarly termed the cryptococcal gene encoding a UDP-Glc dehydrogenase UXS2 (M.B.-P. and T.L.D., unpublished work; GenBank accession no. AF405548).
The first step in the conversion of UDP-GlcA to UDP-Xyl, oxidation to UDP-4-keto-GlcA, is believed to require NAD ϩ . After decarboxylation of this intermediate, the product may be reduced stereo-specifically by NADH to yield UDP-Xyl (Fig. 2) . Consistent with this mechanism, previous studies of UDP-GlcA decarboxylase activity from C. laurentii indicated an absolute requirement for exogenous NAD ϩ (23). However, studies of the enzyme from wheat germ showed neither activation by NAD ϩ nor inhibition by NADH (12) . Further examination of preparations from wheat germ suggested that in fact NAD ϩ is tightly bound to the enzyme, resisting even the action of NADase (12) . Lack of NADH dissociation also explains the observed retention of tritium label at C-4 throughout a reaction postulated to proceed via a 4-keto intermediate (12, 23) . The C. neoformans enzyme converted UDP-GlcA to UDP-Xyl in the absence of exogenous NAD ϩ , although activity was 2-fold higher in the presence of 1 mM NAD ϩ ( Table 2 , compare standard reaction and reaction without NAD ϩ ). As shown in Table 2 , the enzyme was inhibited by UDP and NADH, but was not affected by NADP ϩ and only slightly inhibited by NADPH. In contrast to earlier studies on crude enzyme from C. neoformans (24) , UDP-Xyl was only moderately inhibitory, with an effect similar to that of UDP-Glc.
Previous literature on UDP-GlcA decarboxylase activities has indicated that enzymes from different sources vary in terms of Standard enzyme assays (15 min; 23°C; 40 mM M Tris⅐HCl, pH 7.4; 1 mM NAD ϩ ; 1 mM UDP-GlcA; 2 mg/ml bacterial protein) were performed in the absence of NAD ϩ (Ϫ NAD ϩ ) or in the presence of the indicated compound. Data are shown as per cent activity compared to a standard assay. Each value is the mean of triplicate assays performed at least twice. subcellular localization. Plant and fungal enzymes are soluble (12, 23) while the activity is associated with a particulate fraction in both cultured chondrocytes and hen oviduct (25, 26) . Consistent with these data, the expressed cryptococcal enzyme is found primarily in a soluble fraction, and the sequence has no regions suggestive of membrane spanning domains.
Our interest in examining the UDP-GlcA decarboxylase from cryptococcus stems from considerations of both biochemistry and potential therapeutics. Future experiments should examine the polysaccharides produced in cryptococcal cells in which UXS1 has been disrupted, which may help elucidate pathways of capsular polysaccharide formation. Because the capsule is required for cryptococcal virulence it is likely that altered capsule synthesis caused by reduced decarboxylase activity will lead to reduced virulence of the disrupted strains. If this is the case, compounds that inhibit this enzyme have potential as therapeutic agents. The difference in subcellular localization between fungal and mammalian enzymes suggests that identifying selective inhibitors may be possible.
Beyond cryptococcus, UDP-GlcA decarboxylases are found in numerous organisms, as suggested by the importance of xylose in plant and animal biology and strengthened by the closely related sequences identified by BLAST searches with the predicted translation product of UXS1. Close homologs of C. neoformans Uxs1 (typically Ͼ50% identical over 300 residues) were found in Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster, mouse, and human (20) . As expected from the absence of xylose synthesis in Saccharomyces cerevisiae, no close homolog was found in searches of the yeast genome.
In plants xylose polymers may comprise up to 25% of dry weight (27) , so production of UDP-Xyl is a crucial function. Additionally, xylose addition is one feature that differentiates plant glycoproteins from those of mammals and may be responsible for their immunogenicity. In animals xylose links the glycosaminoglycans heparan sulfate and chondroitin sulfate to the serine residues of proteoglycan core proteins. Proteoglycans are central to physiological processes from hemostasis to cell migration and development (28) (29) (30) and to pathologic processes such as microbial adherence and invasion (10) ; the availability of UDP-GlcA decarboxylase sequence will facilitate investigation of these events. The cloning and expression of UDP-GlcA decarboxylase from C. neoformans therefore should contribute to a broad array of investigations, ranging from plant biology, protein expression, and fungal pathogenesis to mammalian cell biology.
